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ABSTRACT

This paper examines the effects of the relationship between cirrus cloud ice water content and cloud temperature
on climate change. A simple mechanistic climate model is used to study the feedback between ice water content
and temperature. The central question studied in this paper concerns the extent to which both the radiative
and microphysical properties of cirrus cloud influence such a feedback. To address this question, a parameterization
of the albedo and emissivity of clouds is introduced. Observations that relate the ice water content to cloud
temperature are incorporated in the parameterization to introduce a temperature dependence to both albedo
and emittance. The cloud properties relevant to the cloud feedback are expressed as functions of particles size
r., asymmetry parameter g and cloud temperature and analyses of aircraft measurements, lidar and ground
based radiometer data are used to select r, and g. It was shown that scattering calculations assuming spherical
particles with a distribution described by 7, = 16 um reasonably matched the lidar and radiometer data. However,
comparison of cloud radiation properties measured from aircraft to those parameterized in this study required
values of g significantly smaller than those derived for spheres but consistent with our understanding of non-
spherical particle scattering.

The climate simulations revealed that the influence of cirrus cloud on climate was strongly affected by the
choice of r, and g: parameters that are both poorly known for cirrus. It was further shown that the effect of ice
water feedback on a CO, warming simulation could be either positive or negative depending on the value of r,
assumed. Based on these results, it was concluded that prediction of cirrus cloud feedback on climate is both
premature and limited by our lack of understanding of the relationship between size and shape of ice crystals

and the gross radiative properties of cirrus.

1. Introduction

Global warming is a contemporary topic of great
scientific interest. With the projected rise in sea level
and the anticipated effects of climate change on agri-
culture among others, global warming has escalated to
the level of a major societal issue. At the grass-roots
scientific level however, global warming has not yet
been proclaimed as an accepted truth and it has been
realized for some time that potential feedbacks via the
effect of cloud on the Earth’s radiation budget make
nonsense of any prediction of a global temperature rise
(Paltridge 1980). A number of recent scientific studies
have attempted to investigate the perplexing effects of
cloud feedback on global warming. Some of these
studies consider that the observed relationships between
cloud water content and cloud temperature and the
dependence of cloud albedo and cloud emittance on
cloud liquid water serves as a mechanism for cloud
feedback (e.g., Paltridge 1980; Charlock 1982; Somer-
ville and Remer 1984; Somerville and Iacobellis 1987,
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and Roeckner et al. 1987). The simulations of Roeck-
ner et al. (1987) even suggest that cloud feedback may
be positive thus accentuating the warming induced by
a CO, increase largely due to the increase of cirrus
clouds in the simulations.

It is a widespread belief that thin cirrus clouds act
to enhance the “greenhouse effect” owing to a partic-
ular combination of their optical properties (Manabe
and Wetherald 1967; Cox 1971; Stephens and Webster
1981). In the study of Stephens and Webster (1981),
and supported by others since (e.g., Ou and Liou 1984),
it is argued that the increased emission to the surface
by thin cirrus outweighs the solar radiation reduced by
reflection from cloud top. This tendency is thought to
reverse as the cloud optical thickness increases. It is
demonstrated in the present study, however, that this
predicted greenhouse effect is perhaps influenced by
inadequate treatment of the physics of cirrus clouds in
the model and that the more likely impact of cirrus to
climate change remains somewhat elusive. These con-
clusions are developed within the context of a specific
feedback mechanism incorporated into a simple
“mechanistic” climate model. A specific scientific
question addressed here is whether or not the observed
relationship between the ice water content and tem-
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perature of cirrus provides any significant feedback to
the CO, greenhouse warming. A related question that
is also examined concerns the specific role of cloud
microphysics and radiation in this feedback. This raises
several pertinent issues about our understanding of
cirrus clouds and their likely role in climate change as
there presently exists a considerable uncertainty about
the microphysics of these clouds, such as the size and
shape of ice crystals and their radiative influences (e.g.,
Platt et al. 1989; Prabhakara et al. 1988).

The feedback examined in this paper is defined in
the following section and is based on the observed re-
lationship between ice water path and cloud temper-
ature. Section 3 introduces the model that provides the
framework for a new parameterization of the albedo
and emissivity of clouds. In order to examine the feed-
back between ice path and temperature it is necessary
to establish a connection between cloud albedo, cloud
emissivity and ice water path thereby establishing a
temperature dependence of these cloud radiative prop-
erties. This dependence is formulated in section 4 in
which the extinction coefficient (and thus optical
depth) and single scattering albedo are obtained as
functions of the effective radius of the size distribution
and the ice water content. These parameters, together
with a specified value of the asymmetry factor and the
solar zenith angle provide a complete specification of
the cloud radiative properties. Observations are used
in section 5 in an effort to estimate values of the effec-
tive radius and asymmetry factor typical of cirrus. The
parameterizations of cloud albedo and emittance are
then incorporated into the climate model described in
section 6. A series of climate simulations are described
in this section and the ice water feedback mechanism
is examined. A summary of the results of the paper
and the conclusions drawn from this study are pre-
sented in the final section.

2. Cloud microphysics and ice water content

Characterization of the shape and size of ice crystals
in terms of their environmental parameters continues
to be a subject of extensive research in cloud physics
and is a topic that, through the dependence of both
cloud albedo and emittance on microphysical param-
eters, is also crucial to the cloud-climate problem. For
environments typical of cirrus clouds, ice crystals exist
both in single and polycrystalline forms. The obser-
vations of Heymsfield and Platt (1984) indicate that
both the size of these ice crystals and the ice water
content increases with increasing cloud temperature.
Their results are reproduced in Fig. 1 together with an
empirical relationship,

w(g m~3) = 0.0007%041(T°C+60)

(1)

which is taken to represent these data and provides the
basis of the feedback between climate warming and
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cloud ice mass addressed in this paper as well as in the
work of Platt and Harshvardhan (1988). We hereafter
refer to this feedback as the ice water content feedback.

3. A model of the albedo and emittance of cirrus

In order to examine the influence of the ice water
content feedback on the simple climate simulations
reported below, it is first necessary to establish the con-
nection between the cloud radiative properties and the
ice water path in the form of a tractable and physically
based parameterization. We now outline the cloud ra-
diation model used as the framework for this param-
eterization. In formulating this model, we are forced
to neglect any effects of horizontal cloud structure on
radiation since a coherent treatment of this problem
is not yet available in radiative transfer theory. In this
study, as others have done before (for example, see the
review of Stephens 1984), the two-stream model is used
as a basis for the parameterization. Description of a
variety of two stream models can be found in several
review articles on the subject (Meador and Weaver
1980; King and Harshvardhan 1986, among others)
so only a very brief outline is presented here.

Derivation of the basic two stream equations and
the parameters that define them are described in detail
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FIG. 1. The relationship between cirrus cloud ice water content
and cloud temperature (after Heymsfield and Platt 1984) and the
empirical relationship (solid line) expressed by (1).
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in the above cited papers. The form of the equations
adopted here is
dF*

+ &~ D1 - &,) + 3,b]F*
dr

+ GbFT + Saiyr - (2)

where F* are the upwelling (+) and downwelling (—)
fluxes, D is the diffusivity which is given the value of
7, for solar wavelengths and 1.66 for longwave radia-
tion, and the source terms S,,,1r refer to the solar (sol)
and infrared (IR ) sources of flux. The parameters cru-
cial to this equation are

(i) the extinction coefficient «.,: this parameter
characterizes the attenuation of radiation along a given
path in the cloud. The product of «.,; and the vertical
path length in the cloud defines the optical depth
and we hereafter use 7* to represent the optical depth
of the entire cloud layer. In this paper, we provide a
parameterization of 7* in terms of the ice crystal size.

(ii) The single scatter albedo &,: this parameter is
the ratio of the scattering to total extinction by the
cloud particles &, = g/ @ext- Thus when @, = 1, the
cloud is non-absorbing (note the absorption coefhicient
s = (1 — @,)aex). The single scatter albedo varies
strongly with wavelength generally in the range 0.9
< @, < 1 for shortwave radiation (mainly in the near
IR region with A > 0.7 um and is typically less than
about 0.6 for longwave radiation. A relationship be-

(Fas+ ("
b, Jo

Zt(ﬂo) = @,
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tween &, and particle size is developed in the param-
eterization described below.

(iii) b, the particle backscatter for diffuse radiation
which is related to the asymmetry parameter g. The
asymmetry parameter is a measure of the degree of
anisotropy of scattering. For completely forward scat-
ter, g = 1 while g = —1 for total backscatter and g = 0
when the scattering is isotropic. For real clouds g = 0.7-
0.9 and is relatively independent of wavelength. It is
shown below that g is an important parameter for the
climate simulations described.

a. A model of the cloud albedo

The general solution of (2) is briefly outlined in ap-
pendix A and more detail about the solution can be
found in the cited references on two stream models.
The expression for diffuse reflectance given by (AS5),
must be modified before it can be used to describe cloud
albedo since it excludes any solar zenith angle depen-
dence. This shortcoming is overcome by introducing
the contribution to the solar flux at level 7 due to the
single scatter of a collimated source of flux. The value
of this collimated flux perpendicular to the flow at cloud
top is taken to be F, and is transmitted along the di-
rection with a zenith angle cosine of u, down to level
7. This flux provides the particular solution of the form
(e.g., Preisendorfer 1976, for details)

F; sol = Fozi(ﬂo)e—T/h

where

Ho

and where f, and b, are the fractions of the collimated
sunlight forward and backscattered by the cloud. The
albedo of an isolated cloud layer is then obtained from
(A1) using

F(r=0)=F, (4a)
for the upper boundary condition and
Ft(r=1%)=0 (4b)

for the condition at cloud base. With these boundary
conditions in (A1), it follows that

F, .
= _-9°% 7o Tk
C- AT [Z+(po)h-e Z_(po)hie™ ]

_ Yo
A(T)
where we introduce the notation

A(T) = hi2e™ — h e ™,

C. [Z(uo)hie ™% — Z_(u)h_e”"F] (5)

(6)

kZ_(L)z ]
Mo

(3)

and where 7% is the diffuse optical thickness of the
cloud layer defined in the appendix A. The albedo,
transmittance and absorptance of an isolated cloud
layer can be defined as R = F*(0)/u F,, T = F~(*)/
woF, + exp[—7*/po), and A =1 — R — T, respec-
tively, and from (AS5) and (A6) in (A1) we obtain

1
‘T = —1‘/Fo & o * _7‘/“0
€ + RoA(T*) {Z (no)[A(7*)e
— A0)] = Zs(po)hsh_e™"7ro(ek™ — 7k )}
1
R=——={Z:(1o - —7%no
aeh) G AlTE) — M) ]

— Z (p)hih_(es = e 0} ()

These expressions relate the albedo and transmittance
of the cloud to the cloud optical thickness, the solar
zenith angle and the various scattering parameters that
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are imbedded in the definitions of both 7# and Z,.
The forward and backscatter fractions f,, band b, con-
tained in these definitions are specified according to

B N DI
b=7(1—1/@,)+3(1-¢)

1

by =5 (1 = 34ue/ D)
bo+fo=1, (8)
given the scaled quantities
g =g/(l+g)
., _ wo(l—g%)
o =2\ S5

° 1 — w,g?

and using 7 = (1 — w,g?)7 in (7) instead of 7. With
these scalings, together with the definitions given by
(8), we obtain the 4-Eddington approximation (e.g.,
Meador and Weavor 1980). In this way, (7) together
with (8) defines the cloud albedo and cloud transmit-
tance of a single isolated cloud layer as a function of
solar zenith angle u, and the optical properties 7, @,
and g. The radiation distribution within a multiply
layered atmosphere, including the effects of surface re-
flection, is then modeled using the adding method de-
scribed previously by Stephens and Webster (1981)
given the radiative properties of individual layers.

b. A generalized model of cloud emittance

Kirchoff’s law is used to describe the source of ther-
mal emission

St = (1 — @) B(7) €))

where B(r) is the Planck blackbody function for flux.
For an isothermal cloud layer, the particular solution
is

For(t) = B, (10)

where B, is the value of the Planck function determined
from the cloud temperature.

We are now in a position to derive the cloud emis-
sivity directly from (Al). The boundary conditions
are

F~(0) = F, cloud top
F*(s*) = F, cloud base (11)

where F, is the upwelling flux from the surface below
the cloud. For an isothermal cloud (A1) can be written
as :

F*(0)=TF,+ B,(1 - T — R) + RF,
F(*)=RF,+ B,(1—-T - R)+TF, (12)

where R and T are the general diffuse reflectance and
transmittance defined by (A5)-(A6). As emphasized
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in other studies (e.g., Stephens 1980), the longwave
radiative characteristics of cirrus clouds tend to be
dominated by the radiative interactions in the atmo-
spheric window spectral region between about 8 and
13 um. For the sake of illustration, and without any
loss of generality (it is straight forward to retain the F,
term), we assume the atmosphere to be transparent in
this spectral region such that F, = 0. Using the following
definition for emissivity

=g (13)
then from (12)
e=RF,/B,
4ye 7k
+l1i-n- e (14)

(1+7) = (1 —y)e™]

With the assumption in the infrared that g ~ 1 then
v ~ land R ~ 0, the eigenvalue k in (A2) assumes
the property of a diffuse fractional absorption coeffi-
cient

k= D[(1 = &)(1 — &g)1'"? ~ D(1 = &,). (15)

With the definition 7,,s = (1 — &,) 7 for a homogeneous
layer, (13) reduces to

e~ 1 — e Dras, (16)

which is a form of emissivity that has been extensively
used in both the analysis of observational flux data and
as a parameterization of cloud IR radiative transfer
and is also the parameterization used in this study. The
assumption of zero scattering (g = 1) trivializes the
use of the two stream model as a method of parame-
terizing the infrared transfer in cirrus clouds. However,
the general derivation expressed by (14) provides a
framework suitable for future parameterizations that
are capable of taking infrared scattering into account.
It was noted in an earlier study of Stephens (1980) that
the contribution by the & term in (14) can indeed be
significant under certain conditions although it is not
considered further here.

4. A parameterization of the cloud optical properties

a. Shortwave optical properties

Before the ice water feedback can be dealt with in a
climate model, the dependence of cloud albedo (and
cloud emittance) on w needs to be established. The
basis for the parameterization adopted in this study is
described in the work of Ackerman and Stephens
(1987). The approach uses the anomalous diffraction
theory of van de Hulst (1957) to specify the scattering
the extinction efficiencies as a function of wavelength,
refractive index and cross sectional area A of the particle
size distribution. The utility of the approach was dem-
onstrated by Ackerman and Stephens ( 1987) for water
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droplet clouds and is examined here for ice clouds.
The working assumption of the approach requires the
particle to be large compared to the wavelength of the
radiation so the scheme described here applies more
readily to solar radiation.

In order to parameterize 4, we introduce the mod-
ified gamma function

N, p-1 '
T(p)r (rl) exp(“rl) an

to characterize the size distribution. It should be em-
phasized here that r and r,, refer to the radii of spheres
of that are equivalent in volume to a nonspherical ice
crystal. As such, r,, does not directly relate to a mea-
surable crystal dimension (such as the maximum crys-
tal dimension). In what follows, we vary r,, to study
its influence on both cirrus radiative properties and on
cirrus cloud-climate feedback. Although a variety of
distributions have been used in the literature to describe
particle size spectra of clouds, only a few types of func-
tions actually fit observations well. In fact, by suitable
choice of parameters, the modified gamma function
used in this study defines as a special case the gamma,
truncated gamma, exponential, Marshall-Palmer,
Khrgian-Mazin among other distributions that have
been used to approximate measured size distributions
(Flatau et al. 1989). By using this function we are
therefore able to treat a variety of size distributions in
a simple and consistent way.

In (17), N, is the total (volume) concentration of
crystals, r,, is a characteristic radius of the distribution
and p defines the dispersion of the distribution. The
characteristic radius r,, and parameter p together define
the mode, mean and effective radii according to

n(r) =

Tmode = (p— l)rm
Drm
=(p+ 2)r,. (18)

The ice water content w associated with the distribution
also follows as

Fmean =

W=‘:‘7fpicef n(r)r3dr=§7rpiceNorm3f(3) (19)
0

where pic. 1S the density of ice,

(20)

and . the cross-sectional area per unit volume of the
distribution is

_ (" 2 ) _3w fQQ)
A wJ; n(r)yredr = aN,r” f(2) ri —~_rmf(3) .
(21)

In principle, the density of ice varies according to ice
crystal size in a manner described, for example, by
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Heymsfield (1972). This dependence in principle,
complicates (19) and (21). In this study, we assume a
fixed value of 0.78 g cm 2 for the density of ice and
ignore its variation on particle size. The value assumed
is somewhat typical of cirrostratus clouds (Heymsfield
1972).

When (19) is substituted into the expression for the
extinction efficiency provided by anomalous diffraction
theory, we obtain by integration (refer to appendlx B
for details)

4A4 R r
72) e[um(um+ 17!
1

+ =
umz (Um +

24 +

Olext =

,1;
22
Sk e
where Re is the real part of the factor in parent’hesis
and u,, and 2x,,(n — 1), x,, = 2wr,/\, and n’is the
complex index of refraction. Note that the correct
asymptotic limit o — 2.4 is obtained as Xm = 00 A
similar procedure for absorption provides
24
=4+ [ P

abs 72) [ 00 + 1)
(| :
+vm2(vm+ 1 L W i (23)

where v,, = 4x,,n” and n” is the complex part of the
refractive index and the correct blackbody limit is ap-
proached as v,, = oo . The relationship for single scatter
albedo then follows from (22) and (23) as

1 p

2 (p+ 1) V(O + 1)
P S
Vp2 (U + 1)P 0,2

Wo

(24)

Therefore (22) and (24), together with (7) and (8),
form the complete set of equations that are needed to
calculate the shortwave properties of clouds. Given a
value of p, u, and g, then a., and @, can be either
expressed directly as a function of 7, and 4 or as func-
tion of r, and w using (18) to (21).

In this study, we divide the Qntlre solar -spectrum
into five spectral bands and sunyover these bands using
a weighting function based on the solar flux data of
Thekaekara and Drummond (1971)..The central
wavelengths of these bands and the weights used to
obtain broadband quantities are listéd in Table 1. For
simplicity, water vapor absorption iti‘the cloud is not
taken into account. This omission is not considered
important in the present context as the typical values
of water vapor absorption in a clear sky saturated layer
in the upper troposphere is about one to two percent
of the total flux incident on the cloud. Furthermore,
the total (water vapor plus ice) shortwave absorption
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TABLE 1. The refractive indices (n = n’ — in") and solar flux
weighting functions for the six bands used to determine the broad
band cloud albedo and absorption.

A (um) n=(n,n" Weight

A <07 (1.31,0) 0.517
0.77 1.31,.199 X 1077 0.0494
1.05 1.297, .217 X 1073 0.251428
1.29 1.291,.132 X 10~* 0.058766
1.89 1.275,.309 x 1073 0.083847
2.46 1.230,.762 x 1073 0.03957

nec irm atad to ha cionif
expected of cirrus clouds are calculated to be signifi-

cantly smaller than the infrared absorption that dom-
inates the climate effects described below.

Figure 2 provides a plot of the broadband albedo
supplied by the parameterization scheme as a function
of r, for two values of the ice water path W (= f wdz)
and p,. These results are shown as curves on the dia-
gram and are produced using p = 2 and g = 0.85. Also
shown for comparison and indicated by the symbols
are the results of calculations performed using a 24
band multistream radiation model of Tsay et al. (1989)
which also includes the effects of water vapor absorp-
tion by an amount that assumes ice saturation at
—50°C. These model results were obtained using values
of aex, @, and g derived directly from Mie theory for
a size distribution expressed by (17) with p = 2 applied
to each of the 24 spectral bands. On the basis of these
comparisons, we conclude that the dependence of al-
bedo on r,, largely through the influence of r, on 7*,
is well represented by the parameterization scheme de-

IOOl]l’ll]l]ll||ltlx|r|lll|v
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FIG. 2. The parameterized cloud albedo (solid and dashed curves)
compared to cloud albedo predicted by a multiband, multistream
radiation model using Mie theory. The results are shown as a function
of effective radius for two values of solar zenith angle and ice water
path.
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scribed in this paper at least for the values of u, and
W chosen

%2810 v ¢ )

b. Longwave optical properties

A further simplification of (16) is required to obtain
an ice water path dependent cloud emissivity. This
modification requires the dubious assumption that the
Rayleigh scattering limit for absorbing particles (4#'xr/
A < 1) generally applies for infrared wavelengths. Un-
der this assumption (e.g., van de Hulst 1957), Qyus
~ cr, where c is some constant producing the rela-
tionship

Oaps ~ Kw. (25)

In this expression the constant K has the gestalt of a
mass absorption coefficient. Thus, in the Rayleigh limit,
(16) becomes a function of W according to

e=1— e DKW (26)

which is the form now commonly used as a parame-
terization for climate models (e.g., Stephens 1984).
Several estimates of K have been derived from both
theory and observation for water clouds but relatively
few estimates of this parameter exist for ice clouds. A
summary of the available observations of cirrus are
contained in Table 2. The listed values of Smith et al.
(1989) represent the upper and lower range of their
values which were derived from flux profiles measured
in cirrus and discussed below. They further showed
that K varied in an inverse way with the measured
maximum crystal dimension.

Under the Rayleigh limit assumption, K is taken to
be constant. However, this assumption is questionable
for cirrus since K varies in a way which seems to be
related to particle size (Smith et al. 1989). We intro-
duce here a size dependent form of X in the following
way. The results of several Mie calculations were used
to parameterize K in terms of .. The Mie calculations
were obtained using A = 11 um and the size distribution
(17) with p = 2, 8, 16 for a fixed value of w = 0.01 g
m 3. The calculated values of volume absorption coef-

TABLE 2. Comparison of observed and theoretical
mass absorption coeflicients for cirrus.

K@m?g™) Source, comments (D = 1.66)
0.34 Paltridge and Platt 1981: broadband flux
emittance
0.051 Paltridge and Platt 1981: effective beam
emittance (11 um)
0.039-0.180 Smith et al. 1988: broadband flux emittance
0.046-0.058 Griffith and Cox 1977: broadband flux
emittance in tropical cirrus clouds
0.018-0.068 Platt 1984: derived from the Heymsfield
and Platt (1984) data over the
temperature range —20° - —60°C.
0.06 Present study; r. = 16 um, p =2, A = 11

pm
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FIG. 3. The relationship between 11 um volume absorption coef-
ficient and the effective radius as derived from Mie theory using the
size distribution given by (17) in the text for the three values of p
indicated and for fixed value of w = 0.01 g m 3.

ficient are shown in Fig. 3 as a function of r, as well
as the parametric relationship

abs(7e) = ttabs (re = 16 um)16/r.  (27)

(solid curve) for comparison. Since w is fixed in these
calculations, the ratio a,.s/ w, and therefore K, is made
to vary inversely with r,. The physical basis for (27)
rests with the assumption that Q. ~ constant (unity)
which is in sharp contrast to (25) and apparently more
consistent with the aircraft observations noted. The
assumption that Qs =~ 1 at an infrared wavelength of
about 10 um strictly only applies for values of r, greater
than about 15 um. However, the general inverse rela-
tionship employed in this study, according to Fig. 3,
seems to be valid over the range of variation of r, con-
sidered in this study. Certainly, a more physically rig-
orous approach to the parameterization of cloud emis-
sivity as a function of r, is desirable.

5. An observational study of the relationship between
albedo and emittance

As mentioned, the radiative properties of cirrus
clouds are parameterized in terms of w, g, p and r..
In this study, w is derived from (1) given the cloud
temperature and both r, and g are either allowed to
vary or specified from the observations in a manner
now described. It was shown in the previous study of
Ackerman and Stephens (1987) that the albedo is rel-
atively insensitive to p and this parameter is set to the
value of 2 in the remaining analyses.

a. Platt’s LIRAD observations

The observations reported by Platt and Harshvar-
dhan (1988) are employed here to select the values of
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r. that are used in parameterizations described above.
Figure 4 shows the values of ayps derived from a series
of lidar-radiometer measurements (LIRAD)(e.g., Platt
et al. 1987). The additional observations of a,ps in-
cluded on the diagram were obtained from the cited
studies which reported on aircraft longwave flux mea-
surements from which e was calculated and oy, in turn
derived from (26). Also shown are three relationships
calculated from Mie scattering theory for a wavelength
of 10.8 um using (17) with r, = 4, 16 and 64 ym and
p = 2. The temperature variation of the absorption
coefficient arises from the use of (1) in (19) to obtain
N, as a function of temperature. The three theoretical
relationships included on the diagram are therefore
based on the assumption that r, is invariant to tem-
perature change and that the increase of ice water con-
tent with increasing cloud temperature occurs through
an associated increase in total particle concentration.
This is, by necessity, an overly simple assumption as
already noted and a better understanding of the role
that cirrus cloud microphysics play in establishing re-
lationships like that shown in Fig. 4 requires further
research. Since we presently lack such an understand-
ing, and at the risk of over simplifications, r, = 16 um
and p = 2 seem to represent values of a,, that are
typical of the cirrus clouds studied over the temperature
range indicated in Fig. 4.

b. Application of aircraft observations to obtain g

Observations of cirrus cloud albedo are generally
lacking, and at present it is difficult to verify the pre-
dicted dependence of R on ice water path that is im-
plied in (22) and (24) or that predicted by (26) for e.
Hopefully the measurements obtained during the First
ISCCP Regional Experiment and the International
Cirrus Experiment will provide a dataset capable of
testing these schemes. In this section, analyses of air-
craft radiometric data are used to obtain #-e relation-
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FIG. 4. The observed relationship between volume absorption
coefficient and cloud temperature taken from the sources indicated.
The three curves were derived from Mie theory for the values of r,
given.
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FIG. 5. The relationship between cirrus cloud albedo and emittance
derived from aircraft data collected during the 28 October 1986 cirrus
FIRE case study. The solid curve is the theoretical relationship derived
from Mie theory for spheres with r, = [6 um. The dash-dot curve is
the relationship derived using a value of asymmetry parameter altered
from the Mie value as shown.

ships, which are then matched to theory in such a way
that an estimate of the asymmetry parameter is pro-
vided.

The aircraft measurements used in this study are
those associated with one of the flights conducted in
cirrus during the FIRE cirrus field program (Starr
1987). More detailed analyses of the flight data ob-
tained on that day are reported by Smith et al. (1989).
The values of & and e estimated from these broadband
flux data are shown in the form of a scatter diagram
in Fig. 5. Two theoretical albedo-emittance relation-
ships derived from the parameterization scheme are
also shown on Fig. 5. The relationship depicted by the
solid curve is that derived assuming ice spheres with
r. = 16 um and the value of the solar zenith angle
-corresponding to the time of observation (u, = 0.496).
The broadband average g determined from Mie theory
and used to produce the solid curve is 0.87. The second
relationship (dashed curve) provides a better fit to the
observations and was obtained with g = 0.7. Other
calculations not presented here were carried out using
Mie theory with different values of r,. These calcula-
tions resulted in no appreciable change in the relation-
ships given by the solid curve. The need to employ
values of the asymmetry factor smaller than those val-
ues associated with spherical particles was also pointed
out by Platt et al. (1980) in their bispectral analyses
of satellite observations.

The difference between the Mie value of g and the
value chosen to fit the observations is both significant
and expected. It is straight forward to show that the
reflectance of thin clouds is directly proportional to the
backscatter fraction b, and hence a function of 1 — g.
The albedo of a cloud estimated using g = 0.7 is there-
fore greater than the albedo calculated using g = 0.87.
We show below that this difference, in turn, signifi-
cantly influences the predicted response of a climate
model to the presence of cirrus cloud. It is also expected
that the asymmetry factor of real cirrus clouds com-
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posed of irregularly shaped ice crystals is smaller than
the asymmetry factor derived for clouds composed of
spherical particles (e.g., Stephens 1980).

6. The effects of cirrus optical properties in a simple
climate system

We now examine the effects of the cloud optical
properties and their relation to ice water content and
particle size on a simple climate system. We employ a
radiative equilibrium climate model which includes the
parameterized effects of convection as used by Stephens
and Webster (1981). The intent of this exercise is not
to simulate the climate response to variations in cirrus
clouds but 1s directed toward understanding the de-
pendence of surface temperature on the radiative
properties of cirrus as well as toward investigating sim-
ple aspects of the coupling of the surface temperature
to ice water content, cloud microphysics, cloud tem-
perature and radiation.

The climate model employs a convective adjustment
scheme similar to that of Manabe and Wetherald
(1967). With the exception of the new cloud radiation
parameterization described above, the radiative transfer
model is that outlined in Stephens and Webster (1981)
and is coupled to the convective adjustment scheme
to produce a one-dimensional radiative—-convective
model. Radiative equilibrium is approached iteratively
at all levels in the atmosphere except where the resul-
tant temperature gradient between layers exceeds the
critical lapse rate value which was set to the moist adi-

abatic value. The model also invokes the assumption

of fixed relative humidity and, together with energy
conservation, iterates to a stable radiative-convective
temperature profile.

a. Simulations with fixed ice water

_The results of a series climate equilibrium experi-
ments using this model are shown in Fig. 6. The results
are presented as the difference between overcast and
clear sky surface temperature AT, cloud temperature

'AT. (upper’panel), cloud albedo R and emittance e

(lower panel) as a function of 7, dérived at équilibrium.
The ice water path prescribed for these experiments is
3 g m % which corresponds to a 1 km thick cloud at a
temperature of 229°K centered about the 37.6 kPa
level. The model simulations were carried out using
the two values of g employed in the relations shown
in Fig. 5 in .an effort to demonstrate the sensitivity of
the simulated climate to the asymmetry parameter. The
resultant surface warming reported in earlier studies
like that of Stephens and Webster (1981) is also re-
produced in this study. However, the magnitude of
this warming is strongly dependent on both the value
of g and the value of r, assumed in the derivation of
AR and e. For the simulations with fixed ice path, the
surface warming tendency is enhanced by either de-
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FIG. 6. The difference in the equilibrium surface T, and cloud T,
temperatures as a function of r, for two values of asymmetry (upper
panel) and the respective change in cloud emittance and albedo as
a function of &. The climate simulations were conducted using 7,
= 0.1, F, = 340 W m™2, g, = 0.49 and a fixed ice water content W
= 3.0 g m~2. The clear sky equilibrium surface temperature was
calculated to be 294.5 K.

creasing the particle size or by assuming more forwardly
scattering cloud particles.

A principal driving force of the predicted surface
warming is the radiative heating of the cloud layer and
the subsequent increased emission to the surface that
results primarily from the absorption of upwelling in-
frared radiation at cloud base. According to the analysis
shown in Fig. 6, the cloud warming is more than twice
that calculated at the surface. To demonstrate the effect
of increasing cloud temperature on surface tempera-
ture, the time evolution of the model solutions are dis-
played on Fig. 7 again in terms of the difference be-
tween the overcast and clear sky surface and cloud
temperatures. The simulations were carried out with
the following prescribed values; r, = 16 um, g = 0.7
and W = 4.7 g m 2 with the cloud located at the same
pressure level as in the previous example. The surface
temperature undergoes a slight cooling during the first
few simulation days and only significantly differs from
the clear sky equilibrium value after about 10 days into
the simulation. By contrast, the cloud temperature sys-
tematically but unrealistically increases throughout the
simulation period. About 10 days into the simulation,
the increased emission from cloud base due to the in-
creased cloud temperature is large enough to produce
a surface warming which then systematically increases
after about 10 days.

b. Simulations with ice water feedback

Tﬁe ice water feedback was examined by analyzing
pairs of control/ perturbation simulations with the ra-
diative equilibrium model. The perturbation experi-
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ment represents the simulations with twice the present
day CO, concentration and the control simulations
were run with the present day concentrations of CO,.
The notation Ax is used to represent the difference
between the perturbation and control simulations of a
particular climate parameter of interest (say, surface
temperature). Two pairs of perturbation/control ex-
periments are then compared; one pair was conducted
with the ice water feedback included in the model and
the second pair assumed fixed values of ice water path.
These comparisons are presented in terms of the pa-
rameter dx = Ax (with feedback) — Ax (fixed). Positive
values of 67, therefore indicate that the ice water feed-
back acts to reinforce the simulated CO, warming and
negative values of 67 indicate a buffering effect against
such a warming.

Values of 67, 6T, (upper panel), 6 W (middle panel)
and e and 6R (lower panel) are presented as a function
of r. in Fig. 8. All simulations were performed with g
= (0.7. These results indicate that the sign of the ice
water feedback varies according to the value of r, used
by the model to obtain the cloud optical propertiés.
According to these simulations, the feedback is negative
when r, < 24 um and positive for clouds composed of
large crystals. The explanation for this is revealed by
comparison of 6 and de and 6. According to the
experiments described here, the difference in the cloud
emittance between the perturbation and control ex-
periments which include feedback exceeds the respec-
tive change in cloud albedo when 7, is large but is less
than the change in albedo for smaller values of 7.

7. Summary and conclusions

This paper examines the effects of cirrus cloud ice
water content feedback on climate change. The central
question studied in this paper concerns the extent to
which both radiative and microphysical properties of
cirrus cloud influence this feedback. This question is
especially relevant given of the present uncertainty
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FIG. 7. The time evolution of cloud temperature 7, (dashed) and
surface temperature T, (solid) predicted by the climate model. The
results are shown as the difference between the overcast and cléar
sky equilibrium temperatures and were obtained for the parameters
listed in relation to Fig. 6 with W = 4.7 g m ™ fixed.
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FIG. 8. The feedback analysis parameter éx as defined in the text
shown as a function of r,. Shown are the effects of ice water feedback
on the 2 X CO, simulations of surface temperature, cloud temperature
(upper panel), ice water content (middle panel) and cloud albedo
and emittance (lower panel). The simulations were carried out as-
suming the properties listed in relation to the simulations of Fig. 6.
Only simulations with g = 0.7 are shown.

about the characteristic size of the ice crystals in cirrus
clouds.

The major developments of this paper can be sum-
marized as follows:

(i) The importance of the mutual relationship be-
tween cloud albedo & and cloud emissivity e is dem-
onstrated and a new radiation parameterization of these
properties is described.

(ii) Observations that relate the ice water content
to cloud temperature are incorporated in this param-
eterization to introduce a temperature dependence to
both R and e. The parameterization of cloud albedo
1s based on the physical principles of both particle scat-
tering and radiative transfer and is developed in such
a way as to emphasize the importance of the cross-
sectional area of the particle distribution. This cross-
sectional area is further parameterized in terms of the
effective radius r, of the size distribution. In this way,
the cloud albedo is therefore expressed as a function
of effective radius and asymmetry parameter.

(iii) The parameterization of cloud emittance in
terms of the usual bulk absorption arguments is de-
veloped directly from radiative transfer theory and the
assumptions of the simple emissivity approach are de-
scribed. A simple parameterization of the particle size
dependence of cloud emissivity, previously ignored in
other studies of cirrus emittance, is described and is
supported by recent aircraft observations.
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(iv) The values of the dependent variables, r, (ratio
of the volume to cross sectional area of the size distri-
bution) and g (asymmetry factor), are selected using
observations. It is shown that the observed temperature
dependence of the infrared volume absorption coeffi-
cient noted in the work of Platt and Harshvardan
(1988) is reasonably well matched using Mie theory
and a single size distribution of spheres with r, = 16
um. A bispectral analysis of aircraft data provides a
JR~e relationship that on comparison to the parame-
terization provide an estimate of g. The asymmetry
parameter had to be adjusted from the broadband Mie
value of g = 0.87 for the size distribution chosen to a
lower value of g = 0.7 in order to bring the observations
and theory into broad agreement.

(v) The climate simulations revealed that the pre-
dicted effect of cirrus cloud on the surface temperature
is sensitive to both r, and g. Cirrus clouds characterized
by g = 0.87 warmed approximately twice as much as
cirrus clouds modeled with g = 0.7. According to the
parameterizations used, the surface warming was also
predicted to be greater for smaller r, clouds owing to
the more dominant effects of particle size on cloud
emittance. The model produces a large increase in the
temperature of the cloud layer as a result of the ab-
sorption of infrared flux by the cloud. The predicted
cloud warming is about twice that calculated for the
surface and is the mechanism that drives the surface
warming in the model.

(vi) The ice water feedback was examined by ana-
lyzing pairs of control/perturbation simulations with
the radiative equilibrium model. Comparisons of the
(2 X CO, — 1 X CO,) simulations with and without
cloud feedback revealed that the sign of the ice water
temperature feedback on CO, warming depends on
the value of r, assumed to represent the radiative prop-
erties of the cloud.

The following conclusions are drawn from this paper.

(1) Observations were used in an attempt to define
the relationship between cloud albedo and cloud emit-
tance on particle size. While the gross relationships be-
tween the relevant cloud optical properties and particle
size are poorly understood, a simple idealized model
of spherical particles was shown to provide a reasonable
match of the observations. Whether this agreement is
fortuitous and generally representative of all cirrus is
not known.

(ii) The sensitivity of a climate system modeled via
assumptions of radiative and convective equilibrium
was shown to depend on specific details of ice crystals
that are either poorly known (as in the case of r,) or
poorly understood (as for example g). It was also shown
that the sign of cloud ice water-temperature feedback
varied from positive to negative depending on the spe-
cific choice of r.. Based on these findings, prediction
of even the sign of any feedback that might exist be-
tween cirrus clouds and climate seems premature.
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These predictions are limited by our lack of under-
standing of the relationship between the size and shape
of ice crystals and the gross radiative properties of cirrus
and more research should be directed to these issues.

(iii) The feedbacks predicted by the model strongly
depend on the radiative budget of the cloud layer itself.
The calculated infrared radiation absorbed by the
model gave rise to a direct warming of the cloud layer
and it was shown that this warming was largely re-
sponsible for the associated surface warming. This sce-
nario is clearly unrealistic as dynamic and turbulent
motions, induced by the radiative warming, will likely
act to alter the structure of real cirrus and perhaps even
then alter the character of the feedback studied in this
paper. Thus understanding the dynamical aspects of
cirrus emerges as an important issue in the study of
cirrus cloud feedback to climate.
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APPENDIX A

The General Solution for Absorbing Cloud

For an absorbing cloud layer, o4 > 0 and &, < 1
and the general solution of (2) follows as

F*(r)=C.h,e¥ + C_h_e™™ + F,*(7)
p

F(r)=Cih_e" + C_hye™™ + F,"(r) (Al)
with
k= {(1 = &,)D[(1 — &)D + 2&,b]}'?, (A2)
he=1%4, (A3)
and
vy=(1-4&,)D/k (A4)

where C., are constants defined by the boundary con-
ditions. In this expression F,, is the particular solution
associated with the sources mentioned above. Before
discussing the form of the particular solution, it is useful
to consider the solution for a sourceless medium. The
albedo of the cloud layer of optical thickness 7* follows
as

_F'(r=0)
ﬁ'F—(T=0)
—(1-~?) efze ™ (AS5)

(1+7)%e — (1 - y)’e
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and the transmittance as
F (v =1%)
T=—-
F (r=0)
4
u (A6)

(et (1 -y

where we introduce

as the diffuse optical depth.

APENDIX B

Extinction and Absorption Derived from Anamalous
Diffraction Theory

In van de Hulst’s anomalous diffraction theory, the
particles are assumed to be both large (x > 1) and soft
|n — 1] < 1 where x and n are the size parameter and
complex refractive index respectively. The general
expression for extinction and absorption by the particle
is expressed in terms of the following function (see van
de Hulst, ch. 11)

e “—1

et
. Bl
2 (B1)

1
\If(u)=5+ »

+

where u = 4nr(n — 1)/\ is a complex variable. The
extinction efficiency is given as

Qex = 4 Re[¥(u)],

and the extinction coefficient follows as

© 1 e™ e -1
= 2{ _
lext 4Re[L wr (2+ " + " )n(r)dr].
(B3)

The following integrals are used to evaluate (B3),

(B2)

I = Lw rin(rydr = Norn'f(1) (B4)

oo_r _ 1
L=Leawmnm-me0@;:ﬁm

(B5)

where ¢ = 4wr(n — 1)/ and all other parameters are
defined in relation to (17), (18) and (20). Direct ap-
plication of these integrals gives (22).

The absorption efficiency predicted by anomalous
diffraction theory is written in the form

Quvs = 2¥(v) (B6)
where v is a real parameter
v = 8xrn”/\ (B7)
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and where n” is the complex part of the index of re-
fraction. The volume absorption coeflicient then fol-
lows as

© 1 e’ e'—1
Olabs=2j(; 7rr2(5+ " +—v—2——)n(r)dr. (B8)

Again (23) follows using the integral definitions (B4)
and (BS).
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